Abstract:
Introduction
The study of photonic crystals (PCs) began almost 150 years ago, but the term "photonic crystals" [1] and the concepts about photonic band gaps were first used in 1987, by Yablonovitch [2] and John [3] . In the last decades, PCs have gained much interest due to their structure which allows the confinement of photons in certain directions of space. Therefore, the propagation of electromagnetic waves inside photonic crystals leads to the formation of band gaps or stop bands [3] . If the photonic band gap (PBG) is located in the range of wavelengths corresponding to visible-light, PCs exhibit iridescent colors similar to natural opals, due to Bragg diffraction [4] . Taking advantage of these properties, photonic crystals were used in many optical applications to produce LEDs, electronic and optical devices. However, one of the most challenging applications consists in fabricating photonic crystals with a 3D band gap around 1.55 μm representing the wavelength used in optical fibers [5, 6] . In recent years, polymer photonic crystals (PPCs) have been developed on a large scale using the self-assembly strategy of colloidal polymer microspheres with narrow size distribution [7] [8] [9] [10] [11] which made applications diffractive optical devices, optical nanoswitches, chemical or biochemical sensors and templates for materials with complete band gap [12, 13] . Surfactant-free or soap-free emulsion polymerization or copolymerization represent one of the most important synthesis methods for polymer particles, due to their purity, controlled superficial charge density, as well as the possibility of obtaining colloidal dispersions with selfassembling properties leading to photonic crystalline networks. The mechanisms regarding the formation, growth and stabilization of nuclei particles are not yet fully understood regarding to soap-free emulsion homopolymerization, and even less so regarding soap-free emulsion copolymerization. Kinetically, the concentrations of the monomers in the aqueous phase are very important for both homopolymerizations and copolymerizations. The homogeneous mechanism is considered the dominant nucleation mechanism where monomers are concerned, as they are characterized by a high solubility in water, at the reaction temperature [14] . Recently, the importance of a hydrophilic comonomer was explained [15] , leading both to a decrease of the
Central European Journal of Chemistry

Photonic crystals obtained by soap-free emulsion terpolymerization
This paper presents the use of soap-free emulsion terpolymerization to obtainphotonic crystals (PCs). Monodisperse latexes resulted from the polymerization of styrene (ST) with 2-hydroxyethyl methacrylate (HEMA) and acrylic acid (AA) at different compositions defined as system A, B and C respectively. The water solubility of the macroradicals determined different nucleation mechanisms in all three cases. The micellar nucleation mechanism was more predominant for generating system A, whereas the homogeneous nucleation was specific for system C. For system B, both nucleation mechanisms werepossible with the same probability. The latexes and the resulted PCs were characterized by optical microscopy (OM), dynamic light scattering (DLS), gel permeation chromatography (GPC) and UV-VIS spectroscopy.
[2] and John water evaporation rate and to a slower decrease of the interstitial zones, thus excluding the problems related to the mass transfer and facilitating the attainment of an equilibrium state of the ordered particles. The novelty of this study was obtaining PCs using two hydrophilic monomers and styrene for a soap-free emulsion terpolymerization process that allowed photonic crystals to be obtained. The latexes characteristics were influenced by the monomer water solubility and employed ratio.
Experimental procedure
Materials
Styrene (ST) (Merck) was purified through vacuum distillation.
2-Hydroxyethylmethacrylate (HEMA), acrylic acid (AA) (Aldrich) were passed through separation columns filled with Al 2 O 3 to remove the inhibitors. Potassium persulphate (KPS) (Merck) was recrystallized from an ethanol/water mixture and then vacuum dried.
Preparation of the ST-HEMA-AA colloidal dispersion
A mixture of ST (1.3 mL), respectively HEMA, AA and KPS (25 mg) were added to distilled water (20 mL). All three systems, namely A (HEMA=0.2 mL, AA=0.1 mL), B (HEMA=0.15 mL, AA=0.15 mL) and C (HEMA=0.1 mL, AA=0.2 mL) were purged with nitrogen and then maintained for 8 h at 75 0 C under continuous stirring. The final dispersion was dialyzed in distilled water for 7 days, using cellulose dialysis membranes (molecular weight cutoff: 12 000-14 000), in order to remove the unreacted monomers and initiator.
Preparation of ST-HEMA-AA on surface film/photonic crystals
ST-HEMA-AA films with synthetic opal optical properties were obtained by gravitational sedimentation on a glass substrate and dried at 70 0 C for 1 h.
Characterization
The particle size measurement, through dynamic light scattering (DLS) and the Z potential were obtained with a Nani ZS device (redbadge). Microphotographs were obtained using an optical microscope (Olympus, BX-41) equipped with a CCD camera. The UV-VIS spectra were recorded using a V-500 Able Jasco spectrophotometer. Molecular weights were characterized by PL-GPC 50 Integrated GPC/SEC System (Agilent Technologies).
Results and discussion
The first stage of our study involved the preliminary characterization of the films using optical microscopy ( Fig. 1) . In all instances the presence of coloration was due to the diffraction properties [16] of the layers, which suggests the existence of a periodic arrangement. The distance between the defaults did not exceed 50 μm, specific to fine organized PCs structures [17] . Systems A and B showed more defined cracks, unlike C, where the surface was almost smooth. The colloidal PCs are characterized by dimensional monodispesity. In order to assess this characteristic, the obtained latexes have been characterized by DLS analysis (Fig. 2) . Thus, for the system A the particles size was 412 nm, for B 302 nm and for C 250 nm. The most important result of these analyses revealed narrow size distribution of the particles in all three cases, which was a good premise for obtaining high quality PCs.
To determine the band-gap characteristics of the obtained materials, UV-VIS spectroscopy was employed. Fig. 3 reveals the existence of a stop-band for all three cases. Thus, a reflection band was registered at around 550 nm for the system A, 500 nm for the system B and 460 nm for the system C.
The band gap modifications are in accordance with the DLS measurements for the polymer particle size. The molar ratio between HEMA and AA influence the particle size. This result can be explained by the difference in water solubility of poly(HEMA), respectively poly(AA). The solubility in water of the obtained macroradicals determines a different nucleation mechanism. Thus, where soap-free emulsion is concerned, polymerization micellar or homogenous nucleation mechanisms are possible. Colloidal stability is achieved through homogeneous nucleation when a higher number of low molecular weight macroradicals are generated.
In micellar nucleation, the macroradicals with lower molecular weight will achieve colloidal stability by the aggregation of a high number of macroradicals, resulting in a lower number of nuclei, respectively an increased particle size [18] . This mechanism is predominant for the generating system A whereas homogeneous nucleation is characteristic for the system C. For the system B both mechanisms are possible with almost the same probability.
In order to prove the two different nucleation mechanisms determined by the molecular weight of the generated macroradicals, GPC analyses were performed. The results are presented in Table 1 . The molecular weights decreases in the order: C>B>A. This observation supports the different nucleation mechanism in the different systems (A, B, C) mentioned in the above discussion. The value of polydispesity index (PDi) in system B is much higher compared to the values in systems A and C. This difference sustains both nucleation mechanisms for system B probably with the same proportion.
Conclusions
A soap-free emulsion terpolymerization process was employed to obtain latexes that allowed the fabrication of PCs. Two hydrophilic monomers (AA and HEMA) were involved in the polymerization process with styrene. The water solubility of the obtained macroradicals determined a different nucleation mechanism. For system A, the micellar nucleation mechanism was presumed predominant, while a homogeneous nucleation was more specific for system C. For system B, both mechanisms were possible in the same time. The latexes and PCs films were characterized by OM, DLS, and UV-VIS spectroscopy.
